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ABSTRACT 

Three interstehar absorption Unes near 1370 A seen toward Q Oph have been assigned by Watson 
to Rydberg transitions in the G—X (or 3d—X) band of CH. Our survey of a dozen diffuse interstehar 
hnes of sight shows that the three absorption lines are consistent with the known column densities of 
CH, by deriving the following oscillator strengths: /(1368.74) = 0.019 ± 0.003, /(1369.13) = 0.030 
± 0.005, and /(1370.87) = 0.009 ± 0.001. We also determined intrinsic line widths that correspond 
to decay rates of (1.5 ± 0.6) x 10" s-\ (3.8 ± 0.7) x 10" s'^, and (1.1 ± 0.6) x 10^° s'^ for 
AA1368, 1369, and 1370, respectively. These rates are significantly higher than those associated with 
radiative decays, and thus are readily attributable to predissociation of the Rydberg state. A fourth 
interstellar line near 1271 A has been conjectured by Watson to be the strongest transition in the 
Ad—X Rydberg band of CH. We detected this line along four sight lines and our spectrum syntheses 
show that with /(1271.02) = 0.007 ± 0.002, it is also consistent with the known column densities 
of CH. In addition, we conducted a search for the F—X band of CH near 1549 A, and successfully 
discovered two of its absorption features along four sight lines. The astronomical oscillator strengths 
derived for these features are /(1549.05) = 0.021 ± 0.006 and /(1549.62) = 0.013 ± 0.003. Finally, 
the X Per sight line provided us with an astronomical detection of another CH band, via two D—X 
features near 1694 A. Comparisons with results of available theoretical calculations for the four CH 
bands are presented. 

Subject headings: ISM: lines and bands — ISM: molecules — molecular data — ultraviolet: ISM 



1. INTRODUCTION 
The first listing of three unidentified (UID) fea- 
tures around 1369 A and along the 'classic' diffuse 
interstellar sight line towa r d C O ph was provided by 
iCardein. Savage, fc EbbetsI ()1991[ ). Their hsting in- 
cluded two lines at 1368.74 and 1370.87 A, as well as 
the feature A1369.13, which according to their remark, 
resembled a diffuse interstellar band (DIB) by virtue of 
its uncommon larger and asym metric width. This propo- 
sition was studied further by iTripp. Cardelli. fc: Savagd 
(|1994[ ). who introduced the UIDl through UID3 nomen- 
clature for these features and suggested that UID2 at 
1369.13 A is proba bly the first ultraviolet (UV) analog of 
the op tical DIBs. iGnacihski. Sikorski. fc Kaczmarczvkl 
()1997l ) showed that as far as equivalent width (Wx) is 
concerned, UID2 has a better correlation with Wa(CO) 
than with W\ (Ni II) , or with H I and Na I column den- 
sities (iV) along six diffuse sight lines. Their conclusion 
was that UID2 most probably arises in a denser, molec- 
u lar medium. 

IWatsonI (|200lD performed a rigorous re-analysis of 
room-tempera ture laboratory data of CH that was pub- 
lished by Herz berg fc Johni ()1969f ). He showed that an 
assignment of the UID trio observed toward C, Oph to 
CH is very plausible on the grounds of wavelength coinci- 
dence and approximate intensity or transition strengths. 
Specifically, the assignment was to the G—X band of 
CH, which was fi rst observed in the laboratory by 
iHerzberg fc Joh ns, who classified it as the the first mem- 
ber (n = 3) of the nd Rydberg series. Moreover, the 
defining characteristic of UID2, it being appreciably 



wider than other UID and identified absorption lines, 
could be explained as arising from heterogeneous pre- 
dissociation of the Rydberg states of CH, including the 
G'(2E+, ^H, ^A), or 3d, complex of three states. The 
phenomenon of prominent Lorentzian wings signaling 
the extremely short lifetime of the upper s tate is well 
known in R ydbe rg transitions of, e.g., CO (IVia la et al.l 
IT988I : lEidelsberg et al.ll2006f l. when closely-spaced rota- 
tional lines blend into each other more strongly in bands 
that arise from states with faster predissociation rates, 
or wider wings. 

Here we show that an identification of the UID fea- 
tures around 1369 A with 3d~X Rydberg transitions in 
CH is consistent with the expected range of /-values and 
with known iV(CH) values, as well as with line broad- 
ening arising from predissociation. This is accomplished 
by utilizing profile synthesis to model the observed line 
shapes and absorption strengths in high-resolution (high- 
R) Hubble Space Telescope (HST) spectra. Further- 
more, we were able to d etect and analyze the A1271 
UID fea t ure in troduced bv lFederman et all ()1995f ). which 
IWatsonI (j2001l ) conjectured to be the strongest transition 
in the Ad^X band , the seco nd member in the nd Ryd- 
berg series of CH ((Herzberg fc Johns 1969). Indeed, our 
spectral syntheses show that this UID is also consistent 
with theoretical predictions for the band /-value, and 
with observed values of -/V(CH). 

Finally, we conducted a deliberate search for additional 
spectral signat ures of CH based o n the previous labo- 
ratory work of IHerzberg fc Johns! (|1969f ). According to 
their Table 15, the bands D-X at 1694 A, E-X at 
1557 A, and F-X at 1549 A may be detected in the 
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tions from a A component of the J" = 1/2 level of the 
X ground state. Our search resulted in positive de- 
tections of the F—X and the D—X bands, but none of 
the E-X band. 

A note concerning spectroscopic notation and molecu- 
lar predissociation is in order. The diatomic molecule's 
rotation is designated by J, with N being its component 
that is perpendicular to the internuclear axis of symme- 
try. Radiative dipole transitions between lower (J", TV") 
and upper (J',iV') levels obey AJ = J' - J" = 0, ±1. 
Such transitions are designated by a primary letter R, Q, 
or P for A J = +1, 0, or —1, respectively. In addition, 
a superscripted S, R, Q, P, or O stand for AN = N' 
- N" = +2, +1, 0, -1, or -2, respectively. For AA^ 
= A J transitions the superscripted letter will repeat the 
primary letter, and is thus customarily omitted. Elec- 
tronic states with angular momentum greater than 0, i.e., 
non-S states, interact with the nuclear spin to produce 
A-doubling of their rotational levels. Thus the X 
ground state has two A levels 0.11 cm~^ (1.4 km s~^) 
apart, which are selectively connected by allowed transi- 
tions to upper states. Figure 1 indicates the transitions 
analyzed here. Owing to space limitations, A levels and 
individual J' = N' ± 1/2 levels are not shown, while 
A'^' level separations are shown in a highly magnified and 
schematic way. Since we show those levels involved with 
transitions discussed here, only the lowest A^' level for 
each state is properly positioned with respect to the ex- 
citation energy axis. Once a transition to an upper elec- 
tronic state has occurred, the strength of overlap between 
state wavefunctions determines the probability of radia- 
tionless predissociation. If the predissociation occurs via 
a state of similar electronic character, it is called homo- 
geneous, and the rate will not vary strongly with J' of 
the predissociated state. Otherwise, heterogeneous pre- 
dissociation occurs between states of differing characters, 
and a strong dependence on J' is observed. 

2. DATA AND ITS MODELING 

Our sample of 13 sight lines is obtained from spectra 
acquired with the Space Telescope Imaging Spectrograph 
(STIS) and the Goddard High-Resolution Spectrograph 
(GHRS). We analyzed the data, which are available from 
the HST archive, in order to derive 3d—X /-values for 
AA1368, 1369, and 1370 along 12 hues of sight. We ob- 
tained smaller samples of sight lines to be analyzed in 
the search for additional CH absorption features from its 
Ad—X, F—X, and D—X bands. Whenever multiple ex- 
posures were available, we combined them in wavelength 
space for an improved signal to noise (S/N) ratio. In ad- 
dition, when a feature (band) appeared in two adjacent 
orders, we combined them after correcting for any small 
wavelength inconsistencies. All our reductions were in 
IRAF and STSDAS. 

Although it is known that the STIS line spread func- 
tion (LSF) possesses weak wings, we could not see any 
obvious signatures for such wings in the highest- i? data. 
(The fact that 3d—X A1369 looks wider than other lines 
shows that this characteristic cannot be attributed to a 
global effect caused by prominent instrumental wings.) 
Therefore, we used a single Gaussian to describe the in- 
st rumental profile o f STIS, in agreement with the findings 
of lJenkins &: Tripd (|20011 Nevertheless, the STIS hand- 
book does show that the LSF wings have a larger role in 



the profile for wider slits. As a result, we did allow for R 
to be a fitted parameter during modeling of CO absorp- 
tion lines (bands) taken from the same spectra used here. 
We found that R is lower for data taken through wider 
slits, and vice versa. There is a good match between the 
range of resolving powers for a given slit and the range 
found bv iBowera (|l998l . We will discuss these findings 
in a forthcoming publication about the CO molecule. 

Table 1 provides a list of sight lines in terms of the 
star observed, its spectral type and Galactic direction, 
as well as the literature values for total W43oo(CH), to- 
tal A^(CH), and cloud structure fractions along each line 
of sight. For the first three sight lines, as well as the 
ninth, we use our latest A^(CH) results based on model- 
ing with Ismod.f (see below) of high-i? (« 170,000) op- 
tical spectra from McDonald Observatory. For the two 
stars in common, o and C Per, our results agree wi thin 
5% with those of ICrane. Lambert, fc Shefferj ()1995[ ). A 
more detailed description of the new optical syntheses 
will be provided in a future publication. All N{Cli) 
determinations to date have utilized the A ^A—X ^11 
4300.313 A"line", which is a A- doublet of two E(l/2) 
trans itions only 1.4 km s^^ apart (jBlack fc van Dishoecld 
I1988D . Table 2 lists the instrumental source for the VUV 
data, dataset names, exposure times, S/N ratios, fitted 
values for the spectral resolving power, R (from fits of CO 
absorption present in the same spectra), and CH bands 
detected in the HST data. 

All line profiles analyzed in this paper were modeled 
by spectrum synthesis using Y. S.'s code, Ismod.f. The 
basic radiative transfer equations i n this code are taken 
from iBlack fc van DishoecS ()1988[ ). Fit parameters in- 
clude radial velocity, A^(CH), /-value, line width, and 
cloud component structure, which involves relative veloc- 
ities, fractional abundances, and Doppler &- values. Both 
A^(CH) and the cloud component structure were known 
a priori for each sight line and were kept fixed during the 
CH fits. Ismod.f employs the Voigt profile to describe 
the line shape as a combination of a Gaussian Doppler 
core and Lorentzian wings. The resulting profile is then 
convolved with the appropriate instrumental Gaussian 
profile before a comparison with the data is performed 
via root-mean-square computation. Ismod.f employs the 
simplex method to converge onto the final fit, which is 
found by an automated trial and error inspection of the 
parameter space in decreasing steps, until a certain tol- 
erance level (usually lO^'' of the parameter's value) has 
been reached. Figure 2 shows the data and Ismod.f pro- 
file syntheses of the three 3d—X lines toward the star 
X Per. 

3. INDIVIDUAL SIGHT LINES 

We first compare a pertinent selection of our results 
with previously published values. Most of the work done 
previously concerned the well-known sight line toward 
C Oph. Our results from profile syntheses of AA1368, 
1369, and 1370 show that fitted W\ values for the three 
lines are 5.6 ± 0.2, 7.5 ± 0.2, and 2.2 ± 0.3 mA, re- 
spectively, where our uncertainties reflect noise contri- 
bution over the extent of the profile from the expres- 
sion FWHM/(S/N). When compared to the two previ- 
ous publications, our Wises and VF1370 agree more with 
iCardelli et aP (fl99l 4.02 ± 0.58, 4.59 ± 0.74, and 1.16 
± 0.39 mA, respectively), while our W^i369 cLgrcGS more 
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with iTripp et all (|1994 3.80 ± 0.80, 5.89 ± 0.89, and 
0.84 ± 0.59 mA, respectively). It is possible that our 
W\ values are larger because they include more of the 
contribution of the wide wings that arise in predissoci- 
ation. When wide wings are unknowingly present, their 
depression of the local continuum might be assumed to 
arise in the continuum itself (e.g., owing to stellar undu- 
lations). Special care should be taken to preserve such 
wings during the rectification process, but this is hard to 
a ccomplish for dat a with low S/N. 

iGnacinski et al.l (|1997i ) measured Wiaeg toward six 
stars, of which three sight lines are in common with this 
study. Therefore, we may compare our synt hesized Wx 
values (in mA) with those of Gnacih ski et al.l : X Per, 8.0 
± 0.3 vs. 8.4; C Oph, 7.5 ± 0.2 vs. 6.3; and A Cep, 7.5 ± 
0.5 vs. 6.9. There are no major disagreements between 
the two sets of values. Note tha t for the Oph sight line, 
the value from Gnacihs ki et al.l is also high er than those 
fr omlC ardclh ct al. ( 1991h and lTripp et a.1.1 ^994). 

iFederman et al.l (1995) have been the only authors to 
report the presence of the A1271 feature, in the direction 
of C Oph. Their reported value was Wx = 0.75 ± 0.19 
mA, while our fitted result is 1.1 ± 0.1 mA. The latter 
agrees within 2 cr of the earlier value. 

4. THE 3D-X 2n BAND OF CH 
4.1. Oscillator Strengths 

An absorption line is produced by the combined ac- 
tion of N absorbers per cm^ along the line of sight, each 
removing photons from the beam at the transition wave- 
length (A in A) at a rate that corresponds to an oscillator 
strength, or /-value. The mutual product fN appears 
in the equation that determines the optical depth in the 
transition, which then generates the Wx of the line profile 
through exponential absorption along the line of sight. It 
is customary to have at hand transitions with known /- 
values that consequently allow the determination of N 
of the absorbers. Here, on the other hand, we use the 
known values of A^(CH) from 12 sight lines to determine 
the /-values for AA1368, 1369, and 1370. 

Table 3 provides the results of our spectrum synthe- 
ses for the three 3d—X lines toward our target stars: 
fitted Wx, /-values, and inferred intrinsic Lorentzian 
line widths (see more about the width in the next sec- 
tion). Normally, Af(CH) is determined from the A—X 
doublet of J" = 1/2 transitions at 4300.313 A, where 
the two blended A levels have their populations com- 
bined. Indeed, ultra-high- sp ectra at 4300 A (e.g., 
iLambert. Sheffer. fc Craii3ll990f ) sometimes resolve the 
1.4 km s~^ doublet, revealing equal populations for the 
two components. Here, we emphasize that each of our 
profile syntheses employs only half the value of 7V(CH) 
(taken from Table 1) because in all resonance transitions 
to higher (than A) electronic states of CH, the individ - 
ual A components are well separated fsee iLieiil |1984[ ). 
Therefore, the /-values derived here are twice as large 
as they would have been, had the full value of 7V(CH) 
been used. Within the uncertainties listed, there is good 
agreement among all sight lines for each /-value. Non- 
weighted means for the three lines are /(1368) = 0.019 
± 0.003, /(1369) = 0.030 ± 0.005, and /(1370) = 0.009 
± 0.001. For these averages we used fit results from the 
higher-i? STIS spectra, while avoiding 2 (in the case of 



A1369) or 3 (otherwise) sight lines from lower-i? GHRS 
exposures. Low-i? data do not provide as good a han- 
dle on intrinsic line profiles as do high-i? data, both in 
the reduction (i.e., continuum rectification) stage and in 
the modeling stage. Had we used the excluded results, 
the average /-values would have increased by 11%, 10%, 
and 3%, respectively. Thus the sum of the STIS-derived 
/-values for the three trans itions is 0.058 ± 0.006, which 
according to lWatsonI (j2001f ) is providing some 76% of the 
total /-value of the 3c?— A" band, because the three lines 
are the most prominent transitions in it. With the cor- 
rection, this Rydberg band has a total /-value of 0.076 
lb 0.008, a s infer red by our interstellar measurements. 

IWatsonI (|200H ) derived a preliminary /-value for the 
3d—X band from the sum of Wx of the three lines in 
ITripp et all (11994 10.5 mA), emplo ying A^(CH) = lO^^-* 
cm~^ from iFederman fc LambertI (jl998), and the ex- 
pression for unsaturated line absorption, loqjWx/ X) = 
log{fX)+log{N)-20.053, from lMorton fc Noreai j ([l99l . 
From this value, / = 0.02 5. which was no t based on any 
profile spectral synthesis, IWatsonI (|2001h estimated the 
total band /-value to be 0.0 33. (We estimate that the 
uncertainties associated with IWatsoiJ s /-v alues amount 
to 20%, based on the Wx uncertainties in iTripp etldT ) 
Both values appear to be too low by a factor of 2.3 ± 
0.5 when compared to our results. However, Watson's 
determination was based on the full value of the A^(CH), 
whereas in our modeling we use A^(CH)/2, which is per- 
tinent for the populat ion of a single A-doubling level, 
see above. Correcting IWatsonl 's estimate upward by a 
factor of 2, we get / « 0.050 ± 0.010 for the sum of 
three lines, and / ~ 0.066 ± 0.013 for the entire 3d—X 
band. This happens to be in much better agreement with 
our rigorous spectrum synthesis results. Only two the- 
oretical ab initio band / -values exist in the literature: 
0.0467 f rom lBarsuhn fc' Ncsbct (19 7^ not 0.03 62 as per 
IWatsonI ). and 0.069 from van Dishoeckl (j 19871 ). It ap- 
pears th at both our ast ronomically-derived band /-value, 
and the IWatsonI (|2001h value when corrected upward by 
a factor of 2, are in good agreement with the theoretical 
value calculated by van Dishocck (1987), thus bolstering 
the case for identifying these three lines with the CH 
molecule. This measurement also shows 3c?— A to be the 
CH band with the larges t /-value. Perhaps this is what 
iHerzberg fc Johiii (119691 ) meant when they commented 
that G—X lines would be the strongest interstellar lines 
of CH. 

4.2. Predissociation Widths 

As mentioned in the previous section. Table 3 provides 
information about the Lorentzian line width derived in 
our modeling. The intrinsic line width is set by the life- 
time of the transition's upper level, according to the in- 
verse quantum mechanical relationship between lifetime 
(limiting the interval of measurement) and line width 
(resulting uncertainty in measured energy). Normally, 
intrinsic line widths are unobservable owing to the rela- 
tively "long" lifetimes of radiative transitions; r > 10~^ 
s yields a width of 0.01 mA or less, using the relationship 
r(mA) = [A(A)]V(l-884 X lO^^^r). Predissociation gen- 
erates much shorter lifetimes for certain Rydberg states, 
owing to decay rates that may readily be 10"^ times faster 
than radiative decay rates. Under such circumstances, 
the associated lifetime would be 10~^^ s, leading to line 
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widths of the order of 10 mA, which can be measured 
on high-i? (« 100,000) spectra with the help of profile 
synthesis. We estimate that in our highest-i? data it is 
possible to reliably extract F widths of a few mA, which 
correspond to decay rates that are higher than a few x 
10^° s~^. For /-value syntheses that failed to converge 
onto a reliable F solution, we fixed the line width to 
a value near the average from well-converged solutions. 
The predissociation decay rate, kpr, is the inverse of r, 
and thus is directly proportional to F. We use both kpr 
and F as descriptors of line width in terms of Lorentzian 
wings. 

Modeling the three 3d—X lines with Ismod.f returned 
values for the Lorentzian width in inverse lifetimes (s~^), 
which are tabulated in Table 3. We computed the means 
from all sight lines with high-i? (non-GHRS) determi- 
nations and derived the following predissociation rates: 
V(1368) = (1.5 ± 0.3) X 10" s-i, ^(1369) = (3.8 ± 
0.7) X 10" s-i, and /cp,.(1370) (1.1 ± 0.6) x 10^° s-\ 
It can be seen that all data sets returned a well-defined 
line width for A1369, thanks to its larger F, but that only 
a few syntheses were successful in converging onto a F 
solution for A1370, the profile with the narrowest wings. 
In fact, whereas average kpr values for both A 1368 and 
A1369 are better than the 2.5 a detection level, kpr for 
A1370 is a < 2 (T result. It is thus possible that the width 
of A1370 has not been reliably determined, and that a 3 
fj upper limit of « 3 x lO^*' s~^ for kpr{1370) should be 
used instead. 

According to the F-t relationship, the corresponding 
Lorentzian profile widths of the three 3d—X lines are 
11.6, 38.4, and 1.1 m A, which correspond to 0.62, 2.05, 
and 0.06 cm"!. IWatsonI (j2001l ) used the value 2.6 cm"! 
for the width of A1369, wh i ch wa s based on the value of 
10.7 km s"i in 'Tri pp etall (|1994D . We also note that the 
original observation of A1369 toward C Oph was described 
as showing an asymmetric profile. Here, our impression 
from the entire sample of sight lines is that the observed 
profiles of A1369 are very consistent with formation by a 
single transition, i.e., there are no indications for asym- 
metries in the line profile, especially in higher- i? data. 

Theory has no defi nite bearing on these kpr values, yet. 
IVan Dishoeckl ()1987t ) remarked that a lthough predissoci- 
ation is present in all bands studied bv lHerzberg fc Johns! 
(|1969f ). for most bands, including the Sd—X band at 
1370 A, it is heterogeneous. Thus the predissociation 
rate may approach an estimated value of 10^" s^^ for 
TV' — 10, but is estimated to be about 10® s~^ for low 
N' , i.e., of the order of the radiative decay rate of the 
state. These estimates are not rigorous enough to be 
more ac curate th at an order of magnitude. Indeed, our 
fits and IWatsonl 's initial probe do show that in the case 
of both A1368 and A1369 there is a substantial contribu- 
tion to CH photodissoci ation, since the i r k^r values are 
much higher than what van Dishoeck (1987) had sug- 
gested. According to Watson (2001), all three lines are 
N' — 2 transitions. 

Figure 2 shows that there is good agreement between 
our models and observed line profiles. For A1369, there is 
no need to invoke an analogy to the DIBs in the optical, 
because we see that very good fits are obtained using a 
single transition with broad predis sociation Loren tzian 
wings. In addition to agreeing with IWatsonI ()200lD that 
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CH is a very good assignment for AA1368, 1369, and 1370, 
one may also conclude that VUV analogs of the optical 
DIBs have yet to be detected. 

5. THE 4D-X 2n BAND OF CH 

Our inspection of archival STIS data returned four 
candidate sight lines with A1271 features that appear to 
be astronomical detections of the strongest transition in 
Ad—X. The sight lines are toward X Per (shown in Fig- 
ure 3), C Oph, HD 203532, and HD 207308, as listed in 
Table 4. Despite varying values of S/N and R, all four 
spectrum syntheses returned rather consistent solutions, 
/ = 0.007 '± 0.002. This /-value is smaller than that 
for A1369, the strongest 3d—X transition with / of 0.030 
zb 0.00 5 reported above. A theoretical prediction from 
iBarsuh n & Ncsbet (1978) gives /-values of 0.0198 and 
0.0186 for the and ^H states in the M complex, re- 
spectively. If we assume that the total band /-value is 
2.5 times the value of its strongest transition, as we find 
for the 3d—X band complex and A1369, then from the 
/-value for A1271 we expect / « 0.0175 for the entire 
Ad—X band. This value is in clo se agreement with the 
predictions of IBarsuhn &: Nesbetl for a single (^A or ^H) 
state only, falling short by a factor of 2 relative to their 
sum. I Van Dishoeckl (|1987l ) did not include the 4d state 
in her /-val ue calculation s. 

However, Ivan Dishoeckl suggested that kpr (Ad) would 
be smaller than that of the 3c? state owing to a smaller 
overlap of the id state with the nuclear wavefunctions. 
Three sight lines with either the highest R or the highest 
S/N values yielded solutions for F, while for HD 207308 
the fit did not converge onto a reliable Lorentzian line 
width. With an average of kpr = (2.5 ± 1.5) x 10^^ s~^, 
this transition has a predissociation rate between those 
of A1368 and A1369. Owing to small number (n = 3) 
statistics, this < 2 a result seems to suffer from either 
noise and/or continuum biases. Furthermore, because 
only a single J" = 1/2 transition has been found so far, 
the detection of Ad—X is not as secure as those of the 
other CH bands described here. 

6. THE F 2S+-X 2n BAND OF CH 

iHerzberg fc Johni ()1969[ ) observed this band at 
1549 A, i.e., it is located between the two components 
of the C IV doublet AA1548, 1550 seen in stellar and in- 
terstellar spectra. They noticed an increasing diffuseness 
with higher J, signaling heterogeneous predissociation. 
We detected two J" = 1/2 absorption features from the 
F—X band along the sight lines toward X Per (see Figure 
4), HD 147683, C Oph, HD 207308, and A Cep, as fisted 
in Table 4. The redder, weaker line at 1549.62 A belongs 
to a single transition, ^Qi2, while the stronger line at 
1549.05 A is an unresolved blend of the two transitions 
Q2 and ^Ri2- According to iLienI (|1984D . who analyzed 
the C 2n band of CH, both Q2 and ^Qi2 have a 

Honl-London factor (HLF) of 4/3, while ^ R12 has HLF 
= 2/3. (Since the F state is also of a ^S"*" character, 
the same HLFs should apply in F—X and C—X tran- 
sitions.) The line of sight toward HD 23478 shows only 
the strongest feature from the F—X band, i.e., the blend 
A1549.05. 

The averages of our fitted /-values, based on the known 
values of V(CH)/2, are /(1549.05) = 0.021 ± 0.006 and 
/(1549.62) = 0.013 ± 0.003. The /-value ratio is 1.6 
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± 0.6 for A1549.05 vs. A1549.62. Based on the actual 
transitions that constitute these lines and their individ- 
ual HLF values, the predicted /-value ratio is 1.5, show- 
ing good agreement with our measurements. The to- 
tal /-value of A1549.05 equals the total band /-value, 
according to the sum of HLFs, or 4/3 -|- 2/3 = 6/3. 
Here we derive a s um o f / = 0.021 ib 0.006, wh ereas 
iBarsuhn fc Nesbetl (|1978D and Ivan Dishoeckl () 19871 ) the- 
oretically computed values of 0.031 and 0.0095, respec- 
tively. Our value lies between the predicted /-values, 
about a factor of 2 from either one. 

There is another potentially detectable J" — 1/2 
absorption line belonging to the F—X band, i?2 at 
1547.87 A (jHerzberg fc Johns! 1 19691 ). We were not able 
to detect it owing to blending with the blue wing of the 
much stronger line of C IV at 1548.204 A. According to 
its HLF of 2/3, the i?2 transition would constitute the 
weakest J" = 1/2 absorption line. Since we measure two 
lines composed of the three strongest transitions with 
verified /-value ratios, these first astronomical detections 
of the F—X band of CH seem secure. 

We also extracted Lorentzian widths for the absorption 
lines of the F—X band, as listed in Table 4. As is the 
case for the lines of the 3d— X band, under conditions of 
high-i? the lines readily show that different prcdissocia- 
tion widths are involved, confirming Hcrzberg & Johns's 
observation of heterogeneous predissociation for F—X. 
Also in a similar fashion to 3c?— X, the strongest line in 
the band appears to be the widest. Thus, for the blend 
Q2 + '5i?i2 at 1549.05 A, we find ^ = (2-7 ± 1.3) x 10" 
s"\ whereas V ^r ^Qi2 at 1549.62 A is (1.6 ± 0.9) x 
10^° s ~^. A Golden Rule approximation bv lvan Dishoeckl 
(|1987l ) yielded a computed kpr of 7.6 x 10^ s~^ for the 
A'^' = 1 levels of the F state, with a stated uncertainty of 
"an order of magnitude" . The two transitions with N' 
= 1 {Q2 and Qi?i2) are those that make up the blend 
at A1549.05, for which we find kpr that is larger by 1.5 
orders of magnitude than the approximate prediction. 

We attempted a more detailed spectrum synthesis of 
A1549.05 toward X Per that explicitly included the two 
transitions Q2 and ^Ri2, subject to the constraint of a 
2:1 ratio in their HLF values. Although the fit returned 
a separation of —6.2 km s~^ for the weaker ^Ri2 rela- 
tive to (32, we take this to be an upper limit because 
the fit yielded a solution with residuals that are some- 
what smaller that the ambient noise level away from the 
feature. The actual energy level splitting in the F 
state that controls the velocity separation between the 
two A1549.05 transitions is unknown, but we note that 
the C—X band has its_^i?i2 line located 2.2 km s"^ to 
the blue of Q2 (|Lienlll984fl . 

This detailed synthesis of the Q2 + '^Ri2 blend re- 
sulted in narrower Lorentzian wings for the two tran- 
sitions and (predictably) lower /-values relative to the 
single-transition model. It returned f{Q2) — 0.010 and 
fC^Rii) — 0.005, i.e., a sum that is 12% smaller than 
the /-value fitted for the entire blend, and decay rates 
kpr = 1.3 X 10" and 1.1 x 10" s-\ for Q2 and QR12, 
respectively. These lower kpr values ar c still highe r than 
the approximate prediction of Ivan Dishoeckl (|l987l ). The 
similarity in decay rates for the two transitions is in- 
consistent with their J' levels of 1/2 (for Q2) and 3/2 
(for '^i?i2), because heterogeneous predissociation is nor- 



mally revealed by F having a dependence on J( J+1), i.e., 
we expect '^Ri2 to be 5 times wider than Q2. Since de- 
tailed modeling attempts for other sight lines did not 
return separations and widths for the blended compo- 
nents that were in good agreement with the X Per re- 
sult, the quality of the data must be insufhcient for such 
detailed modeling, especially when the line separation is 
not available as a known input value. 

7. THE D ^U-X 2n BAND OF CH 

This band was observed bv lHerzberg fc Johns! (|1969! ). 
who remarked on the relative weakness of its Q-branch 
and the apparent diffuse nature of its lines. A sin- 
gle sight line, that toward X Per, exhibits an ab- 
sorption feature that is consistent with a detection of 
A1695.34, the strongest feature in D—X (see Figure 
5 and Table 4). Here the strongest feature is also 
an unres olved blend of the two tran sitions Q2 and 
^Ri2 (Krishna, bwamv fc Tarafdailll973l ). Furthermore, 
a shallower feature in the spectrum is consistent with 
the position of the R2 A1693.24 transition of D—X, 
although it is partially blended with a stronger Si I 
A1693.29 line, see Figure 6. Upon modeling, the known 
7V(CH)/2 toward X Per returns /-values of 0.0038 ± 
0.0011 and 0.0012 ± 0.0006 for Q2 + R12 and R2, 
respect ively, while the ratio of their /- values is 3.2 
± 1.8. iKrishna Swamv fc Tarafdail ()1973D theoretically 
predicted a 5:1 ratio for A1695.34 vs. A1693.24, a value 
that is consistent with our determina tions. Theoretical 
computations by Ivan Dishoeckl (fl987l) gave / — 0.0073 
for the 0-0 band of the ^Hi state, which sh e identified 
with the D state. IBarsuhn fc Nesbetl (|1978l ) calculated 
a value of 0.0010 for f{D-X). Our value of 0.0038 ± 
0.0011 for the strongest feature appears to be within a 
factor of 2 to 3 of the two quantum mechanical predic- 
tions. In light of the good agreement in wavelength and 
/-value with predicted values, we have high confidence 
in treating this case as the first astronomical detection 
of the D-X band from CH. 

Concerning Lorentzian line width, our synthesis of the 
blend at A1695.34 returned kpr = 7.0 x 10^" s"\ a rate 
which was kept fixed durin g the modeling o f the partially 
blended R2 line. However. iLi fc Le3 (|1999l ) measured de- 
cay rates of (3.6 ± 0.6) x 10^^ s~^ in the laboratory for 
the N ' = 2 levels of D-X, and' Metropoulos fc MavridisI 
(|2000l ) calculated a hfe time of 1.6 ps for the same state, 
albeit they denoted it by the letter E. These consistent 
non-astronomical values show that predissociation dom- 
inates the decay of D levels, as happens for the id levels. 
Consequently, we re-synthcsizcd A1695.34 with a fixed 
input r value from Li fc Lcc (1999i), yielding / = 0.0057 
± 0.0023, which is in good agreement with the calculated 
value of 0.0073 from (jvan Dishoeck![T987h . Likewise, the 
/-value of A1693.24 also increased by about 50%, see 
Table 4. According to Figure 5, it seems that owing 
to insufficient S/N our original fit of A1695.34 had con- 
verged onto a solution involving a noise glitch, leading to 
a kpr value that was too small. The revised fits with the 
terrestrial value for F are also consistent with the data. 

8. CONCLUSIONS 

We surveyed a sample of interstellar sight lines and 
specific spectral ranges to search for new astronomical 
detections of VUV transitions of the CH molecule, as 
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TABLE 1 

Stellar and CH Data for Program Stars^ 



Star 


Name 


Sp. 


/ 


b 


W4300(^-'H) 


Ntot(Cn) 


Ni (CH )/ A'tot (CH ) 


CH Her. 








{°) 


(°) 


(mA) 


(10^'=' cm 








o Per 


BlIII 


160.36 


— 17.74 


14.5 ± 0.5 


1 on -1- f) nK 

-L.C/W _1_ \J.\J\J 


.37 .63 




HD 23478 




B3IV 


160.76 


-17.42 


14.1 ± 0.5 


1.83 ± 0.07 


.74, .26 


1 


HD 24398 


C Per 


Bllab 


162.29 


-16.69 


15.7 ± 0.1 


2.14 ± 0.01 


.56, .44 


1 


HD 24534 


X Per 


09.5pe 


163.08 


-17.14 


26.3 ± 0.9 


3.69 ± 0.13 


.14, .16, .70 


2 


HD 147683 


V760 Sco 


B4V 


344.86 


+10.09 


18.4 ± 2.2 


2.22 ± 0.26 


.09, .68, .23 


3 


HD 149757 


C Oph 


09V 


6.28 


+23.59 


19.6 ± 2.0 


2.50 ± 0.25 


.50, .08, .42 


4 


HD 154368 


V1074 Sco 


09Ia 


349.97 


+3.22 


38.7 ± 1.3 


6.25 ± 0.21 


.03, .01, .03, .18, .70, .04, .01 


2 


HD 203374 




BOIVpe 


100.51 


+8.62 


17.3 ± 1.0 


2.22 ± 0.11 


.05, .04, .32, .20, .28, .06, .05 


5 


HD 203532 




B3IV 


309.46 


-31.74 


18.0 ± 0.6 


2.46 ± 0.08 


.40, .60 


1 


HD 207308 




B0.5V 


103.11 


+6.82 


23.7 ± 1.0 


3.21 ± 0.16 


.07, .09, .57, .27 


5 


HD 207538 




09V 


101.60 


+4.67 


28.0 ± 1.2 


3.81 ± 0.19 


.06, .18, .31, .31, .11, .03 


5 


HD 208266 




BIV 


102.71 


+4.98 


25.5 ± 1.2 


3.35 ± 0.17 


.01, .39, .37, .12, .11 


5 


HD 210839 


A Cep 


06Iab 


103.83 


+2.61 


16.5 ± 1.7 


2.08 ± 0.21 


.38, .62 


4 



^ We used the SIMBAD database for spectral types and Galactic coordinates.^ 
lAndersson. Wannier. fc Crawfordll2002l : (4 HCrane et al.lll995l : fSl lPan et 31112004 



(1) This paper; (2) Wolty 2005, priv. comm.; (3) 



well as to confirm IWatsoij (|2001h 's identification of four 
UID lines as transitions involving two Rydberg states of 
CH. We found that both old and new detections appear 
to be consistent with the identification of CH as their 
source, based on known amounts of CH along the lines 
of sight, on predicted wavelength positions, and on the- 
oretical /-values. Thus the decades-long tradition of op- 
tical observations of CH, utilizing its A—X, B—X, and 
C—X bands, can now be extended into the VUV via ob- 
servations of its D—X, F~X, 3d—X (G—X) bands, and, 
more reservedly, the id—X band. 

We could not find any absorption features that might 
be identi fied with E—X transitions of CH, listed by 
iHerzbcrg fc Johns! ()1969D to be near 1557 A. This band 
is problematic with an unknown configuration, and could 
be arising either from an E ^H state or it could b e 
the 2-0 band of D-X (jChen. Chupka. fc Colso^[l985l) 



which has a very low /-value of 3.0 x 10 ^ ()van Dishoeckl 



[T987i) and a very high rate of predissociation, kpr = 1.4 



X 10^3 g-i (jMetropoulos fc Mavridiil2000D . Both char- 
acteristics of extremely weak oscillator strengths and ex- 
tremely wide line profiles would easily render this band 
undetectable in astronomical, or low-7V(CH), settings. 

Finally, with the confirmation that wider-than-average 
line profiles are attributable to high predissociation rates 
and symmetric Lorentzian wings in Rydberg transitions 
of CH, there are no candidates currently left in the VUV 
spectral regime that may be associated with the famous 
optical DIB bands. 
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TABLE 2 

HST Spectroscopy of Program Stars 



Star 


Instr. 


Dataset 


Grating 


Slit 

(") 


S/N 


A/AA 


CH bands 


LL^J ZiOJ-OL/ 


STIS 




LLI ±'-tyjlL 


U. ZWU.UiJ 


100 


1 9nnnn 


3d—X 


11 U ZO^ ( o 




OUIJU -L 


PI AOTT 

Hi L'iUn. 


U. 1-A.U.UO 


ou 


1 "^0000 
±ouuuu 


'^rl Y Y 




STIS 


r,f^AR^ fl— 1 1 


LLI ±'-tyjlL 


U. Z-A-U.UiJ 


90 


1 90000 


3d—X 


HD 24534 


STIS 


nfiASI 2—1 3 


E140H 




105 


1 40000 


3d—X 




STIS 


UUUjJU J- 


LLI L'-tyjlL 




85 


1 nnnnn 


Ad— X 3H— X 




STIS 


UUUjJUZ 


il; L'-tyjlL 




55 


1 nnnnn 


F-X 




STIS 


o66p03 


E140H 


0.2X0.09 


110 


100000 


D-X 


HD 147683 


STIS 


o61j06 


E140H 


0.2X0.09 


35 


120000 


3d-X, F-X 


HD 149757 


GHRS 


z0x201 


G160M 


0.25 


900 


20000 


M-X, 3d-X 




GHRS 


zOhuOl 


G160M 


2.0 


110 


15000 


F-X 


HD 154368 


GHRS 


z0wx02 


G160M 


0.25 


30 


20000 


3d-X 


HD 203374 


STIS 


o61z90 


E140M 


0.2X0.2 


45 


40000 


3d-X 


HD 203532 


STIS 


o5c01s 


E140H 


0.2X0.2 


25 


80000 


M-X 


HD 207308 


STIS 


o63y02 


E140M 


0.2X0.06 


60 


45000 


M-X, 3d-X, F-X 


HD 207538 


STIS 


o63y01 


E140M 


0.2X0.06 


55 


45000 


3d-X 


HD 208266 


STIS 


o63y03 


E140M 


0.2X0.06 


60 


45000 


3d-X 


HD 210839 


GHRS 


zl2j01 


G160M 


0.25 


230 


20000 


3d-X 




GHRS 


z2qx01-04 


G160M 


2.0 


210 


15000 


F-X 



TABLE 3 

ASTRONOMKJAL MEASUREMENTS OF 3d—X LINES OF CH 



Star 


(mA) 


/-value 

(10-3) 




Wa 
(mA) 


/-value 

(10-3) 




Wa 
(mA) 


/-value 

(10-3) 


(s-i) 






A1368.74 






A1369.13 






A1370.87 




HD 23180 
HD 23478 
HD 24398 
HD 24534 
HD 147683 
HD 149757'' 
HD 154368'' 
HD 203374 
HD 207308 
HD 207538 
HD 208266 
HD 210839'' 


3.1 ± 0.2 
2.9 ± 0.7 

2.3 ± 0.2 
4.7 ± 0.1 

4.5 ± 0.8 

5.6 ± 0.2 
11.3 ± 1.2 

3.4 ± 1.2 

4.7 ± 1.0 

5.5 ± 0.7 

4.8 ± 0.7 
5.4 ± 0.5 


20 ± 1 
20 ± 5 

15 ± 1 

16 ± 1 
25 ± 5 
29 ± 3 
24 ± 3 
19 ± 7 
19 ± 4 
18 ± 2 
18 ± 3 
33 ± 4 


1.1 
1.6 
1.0^ 
0.8 
0.8 
2.1 
1.7 
1.5 
2.3 
2.4 
1.7 
1.0^ 


5.7 ± 0.5 
3.9 ± 0.7 

4.4 ± 0.4 
8.0 ± 0.3 

6.5 ± 1.7 
7.5 ± 0.2 
17.2 ± 2.0 
5.2 ± 1.8 
5.7 ± 1.0 
9.0 ± 1.3 
6.9 ± 1.2 
7.5 ± 0.5 


39 ± 4 

26 ± 5 

27 ± 2 

29 ± 2 

38 ± 11 

39 ± 4 
37 ± 5 

30 ± 10 
23 ± 4 

31 ± 5 
27 ± 5 
47 ± 6 


4.3 
2.3 
3.9 
3.8 
4.7 
3.9 
4.1 
3.3 
3.8 
4.0 
3.9 
3.6 


1.1 ± 0.2 

1.5 ± 0.7 

1.6 ± 0.2 

2.2 ± 0.2 

1.6 ± 0.4 
2.2 ± 0.3 

2.5 ± 0.4 
2.9 ± 1.4 
2.4 ± 0.5 

1.7 ± 0.5 


7 ± 1 

10 ± 5 

9 ± 1 

8 ± 1 

9 ± 3 

11 ± 2 

10 ± 2 

10 ± 5 

9 ± 2 

10 ± 3 


0.10* 
0.09 
0.06 
0.17 
0.10* 
0.10* 

0.10* 
0.10* 
0.10* 
0.10* 


STIS avg. 




19 ± 3 


1.5 ± 0.6 




30 ± 5 


3.8 ± 0.7 




9 ± 1 


0.11 ± 0.06 



* These are fixed, not fitted, kpr values. These GHRS data are not included in the STIS average. 



TABLE 4 

Astronomical Measurements of M—X, F—X, and D—X lines of CH 



Star 


Wa 


/-value 




Wa 


/-value 




Wa 


/-value 






(mA) 


(10-3) 


(s-1) 


(mA) 


(10-3) 


(s-1) 


(mA) 


(10-3) 


(s-l) 




M- 


-X A1271.02 




F- 


-X A1549.05'' 




F- 


-X A1549.62 




HD 23478 








5.2 ± 1.6 


28 ± 9 


2.0* 








HD 24534 


1.6 ± 0.3 


6 ± 1 


3.1 


6.3 ± 0.9 


17 ± 2 


3.0 


3.9 ± 0.4 


11 ± 1 


0.6 


HD 147683 








6.6 ± 1.6 


29 ± 7 


2.0* 


2.6 ± 1.5 


15 ± 9 


2.0* 


HD 149757 


1.1 ± 0.1 


6 ± 1 


3.5 


4.1 ± 0.9 


16 ± 4 


2.5 


4.4 ± 0.8 


16 ± 3 


2.5* 


HD 203532 


1.3 ± 0.5 


7 ± 3 


0.8 














HD 207308 


2.2 ± 0.7 


10 ± 3 


3.0* 


4.6 ± 0.7 


14 ± 2 


1.1 


3.1 ± 0.9 


9 ± 3 


1.0* 


HD 210839 








4.2 ± 0.6 


21 ± 3 


4.3 


3.0 ± 0.5 


14 ± 3 


2.5 


Average 




7 ± 2 


2.5 ± 1.5 




21 ± 6 


2.7 ± 1.3 




13 ± 3 


1.6 ± 0.9 




D- 


-X A1693.24 




D- 


-X A1695.34'' 










HD 24534 


0.6 ± 0.3 


1.2 ± 0.6 


0.7* 


1.8 ± 0.5 


3.8 ± 1.1 


0.7 








HD 24534= 


0.8 ± 0.4 


1.9 ± 1.0 


3.6* 


2.5 ± 1.0 


5.7 it 2.3 


3.6* 









^ These are fixed, not fitted, kp^ values.*^ These features arc known to be blends of Q2 and "^^12) see text.'' This D—X synthesis for HD 24534 
incorporates the laboratory value of F (see text and Figures 5 and 6). 
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Fig. 1. — Term diagram for electronic states of CH discussed in this paper. The levels of each state are shown according to their 
values, with a schematic not-to-scale energy separation. Only the lowest A'^' level is positioned at the correct location along the energy 
axis. This diagram shows only the transitions studi ed h e re. F or the 1271.02 A transition of the id Rydberg complex, we assumed that it 
has the same A'^' = 2 that has been assigned bv IWatsonI 1)20011 ) to the UID transitions of the 3d Rydberg complex. 




-20 -10 10 20 30 40 
Heliocentric Velocity (km s""') 



50 



Fig. 2. — Data and fits for AA1368, 1369, and 1370 from the 3d—X band of CH toward X Per, vertically separated by 0.15 continuum 
units. This set of data is of higher R and S/N than the spectrum used in the initial detection of these lines toward Oph. In addition, 
A'^(CH) is higher along the X Per sight line, which shows a three-cloud component structure as indicated by the fraction-scaled pointers 
above the spectra. The larger width of A1369 is obvious. Its slight blueshift relative to A1368 and A1370 shows that its rest wavelength 
should be adjusted by —0.005 A relative to the sharper lines. The line A1370 is located among lines from ^'^ CO; those to the blue are from 
the A —X (6—0) band, while those to the red are from the d—X (12—0) intersystem band (see Figure 1 of lSheffer. Federman &: LambertI 
[2003) . 
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X 



(D 
> 



1.15 



1.10 



1.05 



1.00 



0.95 



0.90 




1270.9 1271.0 1271.1 1271.2 
Heliocentric Wavelength (A) 



1271.3 



Fig. 3. — Data, fit, and residuals for A1271.02 from the 4d~X band of CH toward X Per. The cloud component structure on the line of 
sight is indicated above the fit. The strong absorption to the blue is from a triplet of S I lines at 1270.78 A. 




1549.0 1549.2 1549.4 1549.6 1549.8 1550.0 

Heliocentric Wavelength (A) 



Fig. 4.— Data, fits, and residuals for A1549.05 and A1549.62 from the F-X band of CH toward X Per. The bluer 'Une' is a blend of 
two transitions, Q2 and '^Ri2, but their separation is unknown. The redder line is the unblended ^Qi2 transition. The cloud component 
structure is indicated above the features. 
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X 



(D 
> 



1.15 



1.10 



1.05 



1.00 



0.95 



0.90 



0.85 




1695.2 1695.3 1695.4 1695.5 1695.6 
Heliocentric Wavelength (A) 



Fig. 5. — Data, fits, and residuals for A1695.34 from tiic D—X band of CH toward X Per. Tiiis is a blend of the two transitions Q2 and 
'5Ri2, tile separation of wiiicii is unknown. The cloud component structure is indicated above the fitted feature. Our initial fit returned 
a smaller line width (solid line) than the value measured in the lab (dashed line), yet both are consistent with the ambient noise in the 
spectrum. 



1.15 




0.85 r, , I , , , , I , , , , I , , , , I , , , , I , 

1693.1 1693.2 1693.3 1693.4 1693.5 
Heliocentric Wavelength (A) 



Fig. 6. — Data, fits, and residuals for A1693.24 from the D—X band of CH toward X Per. This is the weaker transition R2, which is 
partially blended with the Si I at 1693.29 A. The cloud component structure is indicated above the fitted line. Both fits employ fixed F 
values from the A1695.34 fits in Figure 5. The feature at ~ 1693.25 A does not appear in any tabulated interstellar line list. 



